Abstract
Introduction
Many experimental studies have shown that both ischemia and ischemia-reperfusion syndrome are associated with oxidative stress (OS) through the production of reactive oxygen species (ROS) [1, 2] . Repeated ischemia and reperfusion episodes may trigger lesions at the level of endothelial cells, mitochondria, muscle fibers, and neuronal axons. These oxidative lesions will initiate chronic changes in the metabolism and structure of muscle fibers, resulting in the loss of their function, which can be entirely attributed to the reduction of blood flow and oxidative lesions [3] .
Endothelial cell dysfunction is an early event which will induce lesions in the vascular wall. This will result in the impairment of the capacity of endothelial cells to maintain vascular function and homeostasis [4] .
Nitric oxide (NO) is known as a physiologically vasoactive agent, involved in the proliferation and survival of endothelial cells, the increase of their mobility and the activation of mechanisms necessary for angiogenesis [5, 6, 7] . It plays a role in the regulation of blood pressure, the mediation of vascular permeability, reactive vasodilation, blood flow-dependent dilation and endotheliumdependent relaxing responses to acetylcholine (Ach). It has antiaggregant properties, stimulates endogenous fibrinolysis and maintains the antiinflammatory state of the vascular wall [8] .
The use of substances that release NO and activate endothelial nitric oxide synthase (eNOS), such as statins and vascular endothelial growth factor A (VEGF-A), has proved to be useful in increasing angiogenesis and arteriogenesis under critical ischemia conditions [9, 10] . However, substances that release nitric oxide may also have negative effects. NO excess associated with the uncoupling of eNOS results in the formation of superoxide and peroxynitrite radicals, which leads to the extension of the surface of the affected tissues in the ischemia-reperfusion syndrome [11] .
NO activates the guanylate cyclase enzyme and increases the concentration of cyclic guanosine monophosphate (cGMP), inducing smooth muscle relaxation. Sildenafil is a selective enzyme inhibitor, which enhances the effect of NO through the inhibition of type 5 phosphodiesterase (PDE5), which is responsible for the degradation of cGMP and is mainly found in the smooth muscle of the cavernous body, but also in smooth vascular, visceral and skeletal muscles. Sildenafil treatment may have a protective action in pathological tissue ischemia, through the increase in the tissue level of cGMP and the stimulation of ischemia-induced angiogenesis, without the implication of eNOS [12] . Donepezil, a specific and reversible acetylcholinesterase inhibitor, induces an increase in Ach levels. Ach causes a reduction of blood pressure and vasodilation through an indirect mechanism: it acts on endothelial cells that release the endothelial relaxing factor NO, through cGMP. Ach is also an activating modulating factor for the increase of Ca 2+ concentration, with stimulating effects on eNOS and NO synthesis. On the other hand, a study on the effects of Ach on myocardial cells has shown that Ach prevents hypoxia-induced cell death [13] . However, there are also data demonstrating the negative effects of systemic Ach administration, due to the induction of bronchospasm and mucus hypersecretion at the level of the airways. In cardiovascular patients, Donepezil acts as a therapeutic agent that activates angiogenesis [14] . This is why we used it for testing its effect on rats with experimentally induced chronic lower limb ischemia (CLLI).
Objectives
The objectives of this study were to investigate the therapeutic effect of Sildenafil and Donepezil in experimentally induced CLLI and their influence on serum redox homeostasis.
Material and method
The experimental study was an interventional, prospective, analytical pilot study, with a duration of 30 days. The research was performed in the Experimental Laboratory of the Department of Physiology of the "Iuliu Haţieganu" University of Medicine and Pharmacy ClujNapoca, on white Wistar rats with a weight of 280-300 g, maintained under adequate vivarium conditions; with the approval of the Ethics Board No. 681/18.12.2012. During the experimental research, the legislation in force regarding animal protection was respected; at the end of the experiment, the animals were euthanized.
a) Groups
The groups (n=10 animals/group) were the following:
-group I -control -operated, untreated animals; -group II -operated animals, treated postoperatively with a therapeutic dose of Sildenafil, 10 mg/kg body weight/ day, by oropharyngeal gavage, for 30 days (day 5-day 34); we utilised Sildenafil powder resulting from 100 mg pills dissolved in drinking water, to a final concentration of 40 μg/ml. A resulting dose of 10 mg/kg/day of Sildenafil was achieved, to reach a therapeutic dosing level that would be comparable in man because of the short half life in rats (1 hour in rats versus 4 hour in man) [15] ; -group III -operated animals, treated postoperatively with a therapeutic dose of Donepezil, 5 mg/kg/ day, by oropharyngeal gavage, for 30 days (day 5-day 34); we utilised Donepezil powder resulting from 10 mg pills dissolved in drinking water, to a final concentration of 50 μg/ml. A resulting dose of 5 mg/kg/day of Donepezil was achieved, to reach a therapeutic dosing level that would be comparable in man. This dose was initially determined to clearly show the expected effects without producing adverse effects in rats [14] .
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b) Methods
• experimental surgical The animals were operated in the Experimental Laboratory of the Department of Physiology of the "Iuliu Haţieganu" University of Medicine and Pharmacy, using a procedure adapted from Colleran et al. and Yang et al. [16, 17] . CCLI was induced by the ligation of the common femoral artery, proximally to the origin of the deep femoral artery (day 0), followed by the ligation of the common iliac artery (day 4). The rats were anesthetized with ketamine 100 mg/kg and xylazine 8 mg/kg.
The control of ischemia was performed on day 5 through:
-clinical score (0=normal mobility, 1=pallor, limping, 2=gangrenous tissue limited to less than half of the leg, without lower limb necrosis, 3=gangrenous tissue limited to less than half of the leg, with lower limb necrosis, 4=gangrenous tissue extended to more than half of the leg, 5=extensive necrosis of the lower limb [5] , and -imaging, by Doppler ultrasound.
• biochemical Serum determinations from venous blood collected from the retro-orbital vein were performed in the Laboratory for the Study of Oxidative Stress of the Department of Physiology of the "Iuliu Haţieganu" University of Medicine and Pharmacy Cluj-Napoca. The selected moments were postoperative days 7, 14, 21, 30.
The following data were measured:  Oxidative stress indicators -malondialdehyde (MDA) (using the fluorescence method, according to Conti) . Concentration values were expressed in nmol/ml, for serum [17] .
-protein carbonyls (PC) (using the method of Reznick and Packer). The results were expressed in µmol/ ml, for serum [19] .
 Antioxidant defense indicators -reduced glutathione (GSH) and oxidized glutathione (GSSG) (using the method of Hu); values were expressed in μmol/l or nmol/ml in the serum [20] .  Ceruloplasmin (CP) (using Ravin's method); values were expressed in mg/100 ml [21] .
c) Statistical analysis Descriptive statistical elements were calculated, and data were presented using centrality, location and distribution indicators.
For testing normal distribution, the Shapiro-Wilk W test was used. For statistical data analysis, in the case of normal distribution data, the (Student) t test was used, variances being tested with the Levene test. In the case of non-uniform distribution values, the non-parametric Mann-Whitney (U) test for two unpaired samples and the Wilcoxon test for two paired samples were used.
The significance threshold for the tests used was α=0.05 (5%): 0.01<p<0.05 -statistically significant difference; 0.001<p<0.01 -very statistically significant difference; p<0.001 -highly statistically significant difference; p>0.05 -statistically insignificant difference.
Statistical processing was carried out with the Excel application (Microsoft Office 2007) and with the StatsDirect v.2.7.2 software.
Results

Comparative statistical analysis by moments between the groups a. Malondialdehyde
The statistical analysis of MDA values (Table  I) , considering all studied moments, evidenced highly statistically significant differences between at least two of the studied moments in groups I (p=4.91x10 -7 ), II (p=0.0003) and III (p=7.54x10 -6 ). The statistical analysis of MDA values for paired samples showed:
• in group I -highly statistically significant differences between days 7-21 and 14-30 (p<0.001) and very statistically significant differences between days 7-30 and 14-21 (p<0.01); • in group II -statistically significant differences between days 7-21 (p<0.05) and very statistically significant differences between days 7-30, 14-21 and 14-30 (p<0.01);
• in group III -highly statistically significant differences between days 14-30 (p<0.001), very statistically significant differences between days 7-14, 14-21 and 21-30 (p<0.01), and statistically significant differences between days 7-30 (p<0.05).
The statistical analysis of MDA values, considering all groups at a certain moment, evidenced statistically significant differences between at least two of the groups on day 7 (p=0.0128) and on day 14 (p=0.0239), and very statistically significant differences between at least two of the groups on day 21 (p=0.0081). On day 30, no statistically significant differences between any of the groups were found (p=0.7241).
The statistical analysis of MDA values for unpaired samples showed:
• on day 7 -statistically significant differences between groups I-III and II-III (p<0.05);
• on day 14 -statistically significant differences between groups I-III (p<0.05);
• on day 21 -very statistically significant differences between groups I-III (p<0.01) and statistically significant differences between groups II-III (p<0.05). On day 30, there were no statistically significant differences between the studied groups.
b.. Protein carbonyls
The statistical analysis of PC values (Table II) , considering all studied moments, indicated statistically significant differences between at least two of the studied moments in group I (p=0.0114). In groups II and III, there were no statistically significant differences between any of the studied moments (p=0.3348 and p=0.0533, respectively). Although in some cases, considering all studied moments, no statistically significant differences between these could be found, the statistical analysis of PC values for paired samples evidenced:
• in group I -statistically significant differences between days 7-21 and 14-21 (p<0.05) and very statistically significant differences between days 21-30 (p<0.01);
• in group III -very statistically significant differences between days 14-21 (p<0.01). In group II, no statistically significant differences between the studied days were found.
The statistical analysis of PC values, considering all groups at a certain moment, showed highly statistically significant differences between at least two of the groups on day 21 (p=0.0009). On days 7, 14 and 30, there were no statistically significant differences between any of the groups (p=0.2746, p=0.0833, and p=0.9723, respectively).
The statistical analysis of PC values for unpaired samples evidenced:
• on day 21 -highly statistically significant differences between groups I-III (p<0.001) and very statistically significant differences between groups II-III (p<0.01). On days 7, 14 and 30, no statistically significant differences between the studied groups were found.
c. Reduced glutathione
The statistical analysis of GSH values (Table  III) , considering all studied moments, revealed highly statistically significant differences between at least two of the studied moments in groups I and III (p=0.0004 and p=0.0004, respectively) and very statistically significant differences between at least two of the studied moments in group II (p=0.0081).
The statistical analysis of GSH values for paired samples evidenced:
• in group I -very statistically significant differences between days 7-21 (p<0.01) and statistically significant differences between days 7-30, 14-21 and 21-30 (p<0.05);
• in group II -very statistically significant differences between days 7-21 and 7-30 (p<0.01);
• in group III -highly statistically significant differences between days 7-14, 7-21 (p<0.001) and statistically significant differences between days 7-30 (p<0.05).
The statistical analysis of GSH values, considering all groups at a certain moment, revealed very statistically significant differences between at least two of the groups on day 14 (p=0.0032) and statistically significant differences between at least two of the groups on day 30 (p=0.0295). On days 7 and 21, no statistically significant differences between any of the groups were found (p=0.1418 and p=0.1612, respectively).
Although in some cases, considering all studied groups, there were no statistically significant differences between these, the statistical analysis of GSH values for unpaired samples evidenced:
• on day 7 -statistically significant differences between groups I-III (p<0.05);
• on day 14 -highly statistically significant differences between groups I-III (p<0.001);
• on day 21 -statistically significant differences between groups I-III (p<0.05);
• on day 30 -statistically significant differences between groups I-III (p<0.05) and very statistically significant differences between groups I-II (p<0.01).
d. Oxidized glutathione
The statistical analysis of GSSG values (Table IV) , considering all studied moments, showed highly statistically significant differences between at least two of the studied moments in group I (p=0.0003). No statistically significant differences were found between the studied moments in groups II and III.
Although in some cases, considering all studied moments, there were no statistically significant differences between these, the statistical analysis of GSSG values for paired samples indicated:
• in group I -statistically significant differences between days 7-14 and 7-21 (p<0.05) and very statistically significant differences between days 7-30 and 14-30 (p<0.01);
• in group II -statistically significant differences between days 7-30 (p<0.05). In group III, there were no statistically significant differences between the studied days.
The statistical analysis of GSSG values, considering all groups at a certain moment, showed very statistically significant differences between at least two of the groups on day 7 (p=0.0026). On days 14, 21 and 30, there were no statistically significant differences between any of the groups (p=0.2252, p=0.3949, and p=0.2283, respectively). Although in some cases, considering all studied groups, no statistically significant differences between these could be found, the statistical analysis of GSSG values for unpaired samples evidenced:
• on day 7 -highly statistically significant differences between groups I-II (p<0.001) and very statistically significant differences between groups I-III (p<0.01);
• on day 14 -statistically significant differences between groups I-II (p<0.05). On days 21 and 30, there were no statistically significant differences between the studied groups.
e. Reduced glutathione/oxidized glutathione ratio The statistical analysis of GSH/GSSG values (Table V) , considering all studied moments, indicated highly statistically significant differences between at least two of the studied moments in group I (p<0.0001). No statistically significant differences were found between any of the studied moments in groups II and III (p=0.4996 and p=0.0541, respectively).
Although in some cases, considering all studied moments, no statistically significant differences between these could be evidenced, the statistical analysis of GSH/ GSSG values for paired samples showed:
• in group I -highly statistically significant differences between days 14-30 and 21-30 (p<0.001), very statistically significant differences between days 7-30 and 14-21 (p<0.01) and statistically significant differences between days 7-21 (p<0.05);
• in group III -highly statistically significant differences between days 7-14 (p<0.001). In group II, there were no statistically significant differences between the studied days.
The statistical analysis of GSH/GSSG values, considering all groups at a certain moment, showed statistically significant differences between at least two of the groups on day 7 (p=0.0486) and on day 30 (p=0.0353). On days 7, 14 and 21, no statistically significant differences between any of the groups were found (p=0.0962 and p=0.2128, respectively).
The statistical analysis of GSH/GSSG values for unpaired samples indicated:
• on day 30 -very statistically significant differences between groups I-II (p<0.01). On days 14 and 21, no statistically significant differences between the studied groups were found. Although considering all studied groups on day 7, there should have been statistically significant differences between at least two of these, the statistical analysis of values for unpaired samples did not reveal these statistically significant differences.
f. Ceruloplasmin
The statistical analysis of CP values (Table VI) , considering all studied moments, evidenced highly statistically significant differences between at least two of the studied moments in groups I (p=2.96 x 10 -7 ) and II (p=0.0003) and very statistically significant differences between at least two of the studied moments in group III (p=0.0087).
The statistical analysis of CP values for paired samples showed:
• in group I -highly statistically significant differences between days 7-21, 7-30 and 14-30 (p<0.001) and statistically significant differences between days 14-21 and 21-30 (p<0.05);
• in group II -highly statistically significant differences between days 7-30 (p<0.001), very statistically significant differences between days 7-14, 7-21 and 14-30 (p<0.01) and statistically significant differences between days 14-21 (p<0.05);
• in group III -very statistically significant differences between days 7-30 (p<0.01) and statistically significant differences between days 7-21, 14-30 and 21-30 (p<0.05).
The statistical analysis of CP values, considering all groups at a certain moment, revealed highly statistically significant differences between at least two of the groups on day 7 (p=0.00019). On days 14, 21 and 30, no statistically significant differences between any of the groups were found (p=0.2418, p=0.417, and p=0.3854, respectively).
Although in some cases, considering all studied groups, no statistically significant differences between these could be found, the statistical analysis of CP values for unpaired samples showed:
• on day 7 -highly statistically significant differences between groups II-III (p<0.001), very statistically significant differences between groups I-III (p<0.01);
• on day 14 -statistically significant differences between groups I-II (p<0.05).
Discussion
The balance between ROS and NO has played an important role in the development of atherosclerosis in patients with peripheral arterial disease.
Cell and gene therapy together with antioxidative pharmacological therapy can be useful in recovering the function of the endothelium and preventing the development of atherosclerosis in patients with critical ischemia [22] .
Critical ischemia is characterised by an increased production of all the ROS [23] .
In our study we evaluated the effect of the therapy with Sildenafil and Donepezil on the markers of OS and endogeneous AO.
When analysing the groups we noticed the decrease of MDA in the group treated with Donepezil compared to the group that had no treatment and the group with Sildenafil and a significant increase of MDA in the 14 th day of treatment. Another marker of OS, GSSG shows a significant decrease in the Sildenafil, Donepezil group compared to the group with ligature and no treatment. Aydin et al. [24] had the same results when administering another vasodilator, levosimendan, which has a different mechanism of action by opening ATP dependent potassium channels (K ATP ) in the smooth muscle.
According to some theories, Sildenafil is supposed to use the same mechanism of action [25] . However, the decrease in the MDA blood level seen in the Donepezil group can be interpreted through the different mechanism of action: Donepezil lengthens the dilating action of Ach [14] on an intact endothelium; this is true for vessels of neoformation but not for injured vessels.
The administration of PDE5 inhibitor and Sildenafil, decreasing the serum level of GSSG but also decreasing the GSH/GSSG ratio, significantly decreased by the 30 th day, in the group with Sildenafil, compared to the group with no treatment.
The 14 th day appears to display the highest OS level both in the group with Sildenafil and in the Donepezil therapy group, proved by high levels of stress markers, MDA and GSSG that are decreasing on the 21 st day. There are also low levels of AO (GSH) which can be explained by their use in the effort of neutralizing free radicals.
These results are in agreement with the studies of Bivalacqua [26] that demonstrate reduced levels of ROS under the effect of Sildenafil associated with an improvement in endothelial function supported in our study by the increase in e NOS level.
A recent study [27] demonstrates the same effect of reduced oxidative stress by using another PDE5 inhibitor, tadalafil, the effect being reached by lowering MDA level and raising SOD level after 8 weeks of treatment.
Actually PDE5 inhibitors are considered to play an important role in reducing OS in other organs as well. Sildenafil decreases OS and protects the heart in patients with left ventricular hypertrophy and congestive heart failure. Also, at the level of pulmonary artery, Sildenafil diminishes OS, neutralizes the inflammation and remodeling induced by smoking [28] Our results are in accordance with the literature data regarding the GSH/GSSG couple, which is the most important intracellular redox buffer and the redox indicator of the cellular environment [29, 30] .
The increase of CP, an extracellular AO, shows the intervention of defence mechanisms in OS, associated with ischemia and reperfusion. The fact that CP increases in all groups and at all times is probably due to its intervention on acute phase reactant in the inflammatory processes of chronic ischemia [31] .
Our results show that Sildenafil and Donepezil administration might contribute to the acute increase of blood flow in ischemic tissues, the increase of ischemiainduced angiogenesis and of endothelial cell proliferation in ischemic areas, as previous shown by other studies [32] , processes that might also be stimulated by the low ROS production after 14 days. The beneficial effects of ROS occur at low or moderate ROS concentrations [33, 34] .
Conclusions
1. The administration of Sildenafil and Donepezil has favorable effects in reducing OS in experimentally induced CLLI.
2. Sildenafil and Donepezil administration stimulates extracellular AO defence on account of CP.
3. Sildenafil and Donepezil administration influences intracellular redox homeostasis on account of the GSH/ GSSG couple, the major redox buffer in the body.
